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The hypothesis that successful percutaneous translu-
minal coronary angioplasty restores normal coronary
circulatory dynamicswas tested. Regional coronary blood
flow, myocardial oxygen consumption and lactate ex-
traction were measured at rest and during sustained
pacing tachycardia. Beforeangioplasty,tachycardiastress
was associated with an attenuated blood flow and oxygen
consumption response and the induction of anaerobic
metabolism. After successfulangioplasty, bloodflow and
myocardial oxygenconsumption increased during tachy-
cardia stress and aerobic metabolism was sustained. The
influence of basal alpha-adrenergic tone in modifying
the time course of blood flow response to abrupt pacing
A unique therapeutic approach to the treatment of coronary
obstruction was first accomplished when Andreas Gruntzig
(1) dilated a stenotic left anterior descending coronary artery
using a percutaneously introduced balloon-tipped cathether
in 1977. Since then, over 3,000 percutaneous transluminal
coronary angioplasty procedures have been performed and
the technique is recognized as an important therapeutic op-
tion for patients with coronary artery disease. Coronary
angioplasty has also created a unique opportunity to expand
our understanding of coronary circulatory dynamics in hu-
man beings. Measurements of coronary blood flow and myo-
cardial metabolism can now be made in the same awake
individual in the presence and absence of significant coro-
nary obstruction.
We performed two investigations to characterize the dy-
namics of the coronary circulation in the presence of partial
obstruction and test the hypothesis that successful coronary
angioplasty promptly normalizes the responsiveness of the
coronary circulation. The objective of the first investigation
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was also assessed. Patients with normal coronary arter-
ies demonstrated delayed increase in blood flow after
alpha-adrenergic blockade. Alpha-adrenergic blockade
did not affect the time course of blood flow response in
patients with coronary artery disease, suggesting that
alpha-adrenergic tone was chronically withdrawn. In
patients undergoing coronary angioplasty, flow response
before angioplasty was delayed, consistent with with-
drawal of basal alpha-adrenergic tone. After coronary
angioplasty, a brisk flow response was observed, indi-
cating that basal alpha-adrenergic tone had been re-
stored. Thus, successful coronary angioplasty restores
the normal responsiveness of the coronary circulation.
was to characterize coronary blood flow and myocardial
metabolism before and after successful coronary angioplasty
at rest and during sustained tachycardia stress.
The second protocol addressed the influence of basal
alpha-adrenergic vasoconstrictor tone as a mechanism mod-
ifying the temporal response of coronary blood flow to stress.
Orlick et al. (2) investigated the temporal changes in blood
flow within the first 30 seconds of abrupt pacing tachycardia
in normal subjects and in patients with a transplanted and,
therefore, denervated heart. Their observations indicated
that coronary blood flow increased more rapidly in normal
subjects than in patients with a denervated heart or normal
subjects after alpha-adrenergic blockade. These authors con-
cluded that fully innervated hearts maintained a basal level
of alpha-adrenergic mediated coronary vasoconstrictor tone
and that this tone could be promptly withdrawn in the pres-
ence of stress to enhance coronary blood flow. Extrapolating
these conclusions to patients with coronary artery disease,
one might expect that basal alpha-adrenergic vasoconstrictor
tone would be chronically withdrawn in an attempt to com-
pensate for flow-limiting coronary stenosis. Thus, alpha-
adrenergic blockade in such patients should have no effect
on the time course of coronary blood flow response. In
addition, patients with significant coronary stenosis who
have undergone successful coronary angioplasty would be
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expected to demonstrate a potential increase in peak coro-
nary blood flow during pacing tachycardia (as addressed in
the first investigation) and also to increase flowmore rapidly
thanbeforethe procedure if basalalphatonehad beenrestored.
Methods
Study groups. Data were obtained from 95 consecutive
patients who provided informed consent to participate in an
ongoing prospective evaluation of percutaneous translu-
minal coronary angioplasty. To be included for investiga-
tion, all patients needed to demonstrate: I) history of angina
pectoris despite medical therapy, 2) objective evidence of
myocardial ischemia (electrocardiogram, thallium scan), 3)
coronary lesions suitable for angioplasty, and 4) candidacy
for coronary bypass surgery. The clinical outcome, changes
in angiographic coronary pathoanatomy and transstenotic
pressure gradients were assessed. A subgroup of patients in
whom coronary angioplasty was being performed for iso-
lated proximal left anterior descending coronary artery ste-
nosis underwent detailed investigation of coronary circu-
latory dynamics.
Protocol I (Fig. 1). In the first investigation, regional
myocardial blood flow, oxygen consumption and lactate
metabolism were assessed in 10 patients at rest and during
sustained pacing tachycardia. Great cardiac vein flow, ox-
ygen content and lactate concentration from paired samples
Figure 1. Protocol 1. Measurements of great cardiac vein fl ow.
lactateconcentration andoxygen content were obtained at 10 beats!
min fasterthan rest heart rate(control pacing). Heart rate was then
incrementally increased in 3 minute stages until maximal heart
rate (peak pacing) limited by angina pectoris or atrioventricular
block. After percutaneous transluminal coronaryangioplasty (PTeA) .
theprotocol was repeated with control andpeak pacing heart rates
similar to those before angioplasty.
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of great cardiac vein and left brachial artery blood were
initially determined at 10 beats/min faster than the rate at
rest (control) (3,4). The pacing rate was increased 20 beats/
min every 3 minutes until the patient developed either angina
pectoris or atrioventricular block. At peak heart rate, de-
terminations of regional coronary blood flowand blood sam-
pling for oxygen content and lactate concentration were
repeated. Pacing was then discontinued. In the seven pa-
tients in whom coronary angioplasty was successful, this
protocol was then repeated.
Protocol II (Fig. 2). In the second group, a protocol
was designed to determine whether successful coronary an-
gioplasty affects the temporal response of coronary blood
flow after the abrupt onset of pacing tachycardia. Data were
obtained from three subsets of patients: I) seven patients
with proximal left anterior descending stenosis undergoing
successful coronary angioplasty; 2) nine patients with prox-
imal left anterior descending coronary stenosis who did not
undergo coronary angioplasty; and 3) five patients free of
coronary artery disease. Patients with and without coronary
artery disease not undergoing coronary angioplasty were
studied before and after alpha-adrenergic blockade.
Before the performance of coronary angioplasty or alpha-
adrenergic blockade, coronary blood flow, intraarterial blood
pressure and the electrocardiogram were recorded contin-
uously for at least 30 seconds at an atrial paced heart rate
at approximately 10 beats/min faster than the rate at rest.
The pacing rate was then abruptly increased 50 beats/min
faster than the control rate. Variables were continuously
recorded during 30 seconds of tachycardia. After successful
coronary angioplasty or the administration of phentolamine,
5 mg intravenously, to the normal subjects and those with
coronary artery disease, the protocol was repeated.
Results
A total of 105 coronary angioplasty procedures were
performed on the 95 patients. Ten patients had two coronary
angioplasty procedures; seven for restenosis after an initially
successful angioplasty and three when the second procedure
was attempted after a technical modification of the previ-
ously unsuccessful catheter system.
In the 64 patients with successful dilation, coronary ste-
nosis was reduced from 75 ± 15% (range 50 to 100) to 29
± 12% (range 6 to 50), a decrease of 46%. Successful
coronary angioplasty was associated with a significant re-
duction in the transstenotic pressure gradient measured by
the dilating catheter. The mean gradient ± I standard de-
viation was reduced from 57 ± 17 to 16 ± 16 mm Hg
(probability [p] < 0.0001).
Protocol I (sustained pacing tachycardia). The effects
of angioplasty on coronary circulatory dynamics in response
to sustained pacing tachycardia in seven patients are shown
in Figure 3. Before coronary angioplasty, heart rate was
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Figure 2. Protocol II. Coronary blood flow (CBF),
systemic arterial blood pressure (BP) and the elec-
trocardiogram (ECG) were recorded contmuously
30 seconds before and 30 seconds after the abrupt
onset of pacing tachycardia50 beats/min faster than
rest heart rate. This protocol was repeated after
either coronary angioplasty (PTCA) or alpha-ad-
renergic blockade.
Figure 4. Values of myocardial lactate extraction at control (C)
and peak (P) heart rates before (pre) and after (post) coronary
angioplasty. Values above the dashed line indicate lactate ex-
traction. Valuesbelow the dashed line mdicate lactate production.
N.S. = not significant; S.D. = standard deviation. (Reprinted
with permission from Williams DO, et al. [4].)
angina pectoris was not observed in any of the patients
during sustained tachycardia. The control value of lactate
extraction was not significantly different from that observed
before coronary angioplasty. After coronary angioplasty,
lactate extraction did not decrease with pacing (Fig. 4).
Protocol II (abrupt pacing tachycardia). The effect of
coronary angioplasty on the temporal response of coronary
blood flow to abrupt pacing tachycardia was assessed in
patients with and without coronary artery disease before and
after alpha-adrenergic blockade and in patients undergoing
successful coronary angioplasty. Changes in coronary blood
flow over the 30 second time interval after the abrupt onset
of pacing tachycardia in the subjects without coronary artery
disease before and after alpha-adrenergic blockade are shown
in Figure 5. After alpha-adrenergic blockade, coronary blood
flow at rest was not reduced. After 5 seconds of pacing,
BP
ECG CI=====:J
increased from a control value of 81 ± 7 to 148 ± 17
beats/min. Angina pectoris developed in six of the seven
patients. In the patients in whom lactate metabolism was
assessed, each demonstrated a decrease in transmyocardial
lactate extraction, with three patients demonstrating lactate
production (Fig. 4). Great cardiac vein flow (representing
left anterior descending coronary artery flow) was within
the normal range at the control heart rate. Rapid pacing
resulted in no significant increase in flow for the group,
although an increase in flow was observed in five of seven
patients. No change in coronary vascular resistance or myo-
cardial oxygen consumption was noted.
Coronary blood flow during the control condition fol-
lowing coronary angioplasty was similar to the value before
angioplasty. After coronary angioplasty, however, pacing
resulted in a marked increase in blood flow (Fig. 3). Re-
gional coronary vascular resistance decreased and myo-
cardial oxygen consumption increased with pacing after an-
gioplasty. After successful coronary angioplasty, typical
Figure 3. Values of great cardiac vein flow (GCV flow), coronary
vascular resistance and myocardial oxygen consumption before
(pre) and after (post) coronaryangioplasty.Stippled bars represent
values obtained at control heart rate. Hatched bars represent val-
ues obtained at peak pacing. Asterisks indicate significant differ-
ences between control and peak pacing conditions (probability [p]
< 0.05).
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Figure 5. Change in great cardiac vein flow in patients without
coronaryartery diseaseafter the abrupt onset of pacing tachycardia
before (closed circles) and after (open circles) alpha-adrenergic
blockade. Values either above or below the dashed line indicate
a net increase or decrease in flow, respectively, compared with
control values before the onset of tachycardia. A significant dif-
ference in flow is noted at 5 seconds.
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was higher after angioplasty in five of the seven patients.
At 10 seconds, each patient again demonstrated a higher
flow value after angioplasty compared with before angio-
plasty. Thus, although a net increase in peak flow was not
uniformly noted after coronary angioplasty at 30 seconds,
a higher flow value at 5 and 10 seconds with a more rapid
attainment of peak flow was consistently observed.
Discussion
Successful percutaneous transluminal coronary angio-
plasty results in a substantial decrease in the degree of coro-
nary stenosis assessed angiographically and in the trans-
stenotic pressure gradient as measured by the dilating catheter.
Coronary circulatory dynamics before coronary an-
gioplasty. The coronary dynamics described in our patients
before percutaneous transluminal coronary angioplasty are
in accord with the previously established concept that coro-
nary atherosclerosis adds a new resistance in series to that
already physiologically present in the distal arterioles. Ad-
ditional compensatory dilation of distal vessels maintains
flow but encroaches on their flow reserve capacity. Pro-
gressive stenosis can result in complete depletion of reserve
which would occur initially in the subendocardial vessels
because some of their reserve capacity is reduced to offset
physiologic extravascular compressive forces. Before coro-
nary angioplasty, pacing resulted in angina pectoris, a de-
crease in lactate extraction and a limited increase in coronary
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Figure 6. Temporal changes in great cardiac vein flow after the
abrupt onset of tachycardiain patients with coronaryartery disease
before and after alpha-adrenergic blockade. No significant differ-
ence in flow is observed at any time penod, which suggests that
basal alpha-adrenergic tone has been withdrawn.
however, flow was significantly decreased when compared
with the value before alpha-adrenergic blockade. No sig-
nificant difference in flow was noted at 30 seconds in either
condition.
The effects ofpacing on flow in patients with significant
coronary artery disease are shown in Figure 6. Coronary
artery blood flow was minimally increased at 30 seconds
after the onset of pacing both before and after alpha-adren-
ergic blockade. Unlike the normal subjects, however, no
difference in flow was observed 5 seconds after alpha-ad-
renergic blockade.
Figure 7 demonstrates the temporal changes in coronary
blood flow after the onset ofpacing tachycardia in patients
undergoing successful coronary angioplasty, Before angio-
plasty, an early decrease in coronary blood flow was ob-
served without a prominent increase at 30 seconds. After
angioplasty, peak coronary blood flow appeared to be greater
initially and at 30 seconds. An increase of flow at 30 seconds
after angioplasty compared with before angioplasty was not
observed constantly, however, and was not a significant
difference. A distinct, early separation between the two flow
time curves was noted at 5 and 10 seconds; flow at 5 seconds
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Figure7. The effect of coronaryangioplasty (PTCA) on the time
course of great cardiac vein flow after the abrupt onset of tachy-
cardia. After coronaryangioplasty, greater values of flow are ob-
served 10 seconds after the onset of rapid pacing. The attainment
of peak flow more rapidly implies a restoration of basal alpha-
adrenergic tone after coronary angioplasty.
blood flow in some patients. Angina and a decrease in lactate
extraction probably resulted from an exhaustion of suben-
docardial blood flow reserve. An inadequate flow response
caused a shift from aerobic to anaerobic myocardial metab-
olism. The increase in flow that was observed can be at-
tributed to vasodilation of subepicardial vessels where some
degree of reserve remained. Lack of increase in regional
myocardial oxygen consumption may be attributable to re-
duced regional systolic contractile function resulting from
ischemia.
Coronary circulatory dynamics after successful coro-
nary angioplasty. The findings were identical to those that
would be predicted in the absence of significant coronary
artery stenosis. The increase in coronary blood flow was
two-fold greater than that observed before coronary angio-
plasty and was associated with a significant decrease in
coronary vascular resistance, consistent with restoration of
vasodilatory reserve. Increase in flow appeared to be ap-
propriate for oxygen demands in that aerobic metabolism
was sustained. Myocardial oxygen consumption increased,
suggesting that systolic contractile function was normal.
Role of alpha-adrenergic tone and blockade. The re-
sults of our second investigation confirm that resting alpha-
adrenergic tone may be capable of modifying the increase
in coronary blood flow observed after the abrupt onset of
tachycardia stress. In our normal subjects, alpha-adrenergic
blockade did not influence the values of coronary blood flow
at 30 seconds of pacing tachycardia. A significant difference
in flow was noted at 5 seconds, however, with a much higher
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flow observed before alpha-adrenergic blockade. These ob-
servations are consistent with the concept that alpha-adren-
ergic tone is present under normal circumstances and can
be withdrawn in the presence of stress to promptly enhance
coronary blood flow.
Patients with coronary artery disease demonstrated a dif-
ferent response in coronary blood flow before and after
alpha-adrenergic blockade. Essentially, no significant dif-
ference was observed in values of late flow at 30 seconds
or early flow at 5 to 10 seconds before or after alpha-
adrenergic blockade. Thus, alpha-adrenergic blockade in
patients with coronary disease had no effect on the time
course of coronary blood flow response. Basal alpha-ad-
renergic constrictor tone may be chronically withdrawn in
such patients in an attempt to compensate for flow limiting
coronary stenosis.
Time course of coronary blood flow. A distinct dif-
ference in the time course of coronary blood flow was noted
in patients before and after successful coronary angioplasty.
After coronary angioplasty, all patients demonstrated greater
values of flow early (5 to 10 seconds) after the onset of
rapid pacing. The response before angioplasty resembled
that observed in normal subjects after alpha-adrenergic
blockade and in patients with coronary disease not undergo-
ing coronary angioplasty. The response after angioplasty
resembled the flow pattern before alpha-adrenergic blockade
in patients with normal coronary arteries. These observa-
tions suggest a restoration of basal alpha-adrenergic tone
after coronary angioplasty.
In summary, our investigations indicate that coronary
blood flow may be maintained at normal levels at rest in
the presence of significant coronary stenosis. The ability of
the coronary circulation to respond to stress after coronary
angioplasty is promptly restored. Factors accounting for
compensatory reduction in arteriolar resistance are not clearly
defined, but this study suggests that chronic withdrawal of
alpha-adrenergic tone could be contributory. After success-
ful coronary angioplasty, alpha-adrenergic tone is promptly
restored and vascular reserve reestablished.
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